This study examines the relationship between shear force and horizontal relative displacement of Lshape shear connector by means of beam type test method. An equation for maximum shear force of the specimen which takes into account the effects of size of the shear connector and the concrete strength was proposed. It was found that shear force-horizontal relative displacement relationship can be represented by a unique enveloped curve by normalizing shear force by maximum shear force and horizontal relative displacement by the height of the shear connector. The predicted maximum shear forces and shear forcehorizontal relative displacement relationships were found to agree with the experimental results.
INTRODUCTION
Shear connector is important for steel-concrete composite structures. It is used to be a shear resistance in the steel-concrete interfaces. Usually, in design, slip between steel and concrete has been considered insignificantly small, and plane remains plane assumption has been applied. However, the design will be more rational if shear force-slip relationship is taken into account.
Several studies of shear transferred capacity of the shear connector in steel-concrete composite structure have been conducted for different types of shear connector. Kiyomiya and Yokota 1) investigated load carrying capacity of shape steel shear connector through push-out test and proposed a formula for load carrying capacity. The formula was the function of thickness, length and concrete strength. Ueda and Chin 2), 3) studied the shear capacity of single plate shape shear connector by means of pull-out test and developed an equation for calculating the shear capacity which was suggested to be also applicable to group shear connector where the capacity can be conservatively predicted. Moreover, the formulas for shear capacity of L-shape shear connector and steel-concrete sandwich beam are available in the Design Code of Steel-Concrete Sandwich Structure of JSCE 4) . Furthermore, Chuah et al. 5) investigated loaddisplacement relationship of plate shape shear connector in steel-concrete composite structures and proposed an equation for that relationship. They also found that the thin shear connector has greater displacement than the thick shear connector under equal load. Saidi et al. 6 ), 7) studied the relationship between transferred shear force and relative displacement of shear connector in steel-concrete sandwich beam and proposed equations for the transferred shear force when the equivalent stiffness of shear connector suddenly decrease and for the curvature of the vertical part of the shear connector. It has been observed that the angles of strut compressive force on the shear connectors in the steel-concrete sandwich beams tested by Saidi et al. 6 ), 7) were small. Also, only small size L-shape shear connectors were investigated.
According to the review of the previous studies, an equation for the relationship between shear force and relative displacement of L-shape shear connector subjected to strut compressive force in steelconcrete composite structure has not yet been proposed. Therefore, differently from Saidi et al. 6 ), 7) , this study investigated the relationship between shear force and horizontal relative displacement of L-shape shear connector by means of beam type test method with strut direction approximately 45 o .
EXPERIMENT (1) Specimens
Four beam type specimens were constructed identically to replicate a part of a possible steel-concrete composite structure whose shear connectors were installed with strut angle approximately 45 o as shown in Fig.1 . The height of the specimen was 3 times that of the shear connector 3 . Steel plates with the same width and thickness were used for skin plate of the specimens. The size of the specimen was increased with the size of the shear connector; and shear span-to-depth ratio of the specimens was constant. The specimens, symbolized as S---, -are given in detail in Fig.2 and Table 1 .
JIS G 3101 standard steel with grade SM490 and grade SS400 was used for the steel plate and the shear connector respectively. Table 2 gives the properties of the steels used in the experiments. 
(2) Concrete product
The mix proportions of concrete product are summarized in Table 3 . Normal Portland Cement was used to produce the concrete. Additionally, the minimum size and maximum size of aggregates are 5 mm and 20 mm respectively. 1% of cement of Water Reduction Agent (WRA) and 4% of cement of Air Entrance Agent (AEA) were also used in the concrete product. Moreover, the direction of concrete casting was perpendicular to the big face of the specimen in order to minimize the cavities around the shear connectors.
(3) Measurement
Strain gauges with 30 mm length were attached on both sides of the concrete surface in order to measure strain development in the concrete in front of the shear connector with respect to shear force as shown in Fig.3 . The strain gauges L39, L41, and L43 were attached on the concrete surface of the opposite side of L40, L42, and L44, respectively. Moreover, strain gauges with 5 mm length were attached on both sides of the steel plate in front of the shear connector with the aims of measuring strain distribution in the steel plate, Fig.4 . The distribution of slip between the concrete and the steel plate in front of the shear connector was measured by means of the displacement transducers as illustrated in Fig.5 . The average value obtained from the displacement transducers LD11-LD16 was determined as the slip. As shown in Fig.3 and Fig.5 , the plates attached on the concrete surface to measure the slip are not overlapped with the stain gauges on the concrete surface. Also, mid span deflections of the specimens were measured by means of the displacement transducers LD7-LD8 as shown in Fig.5 . Furthermore, two displacement transducers, LD11-LD12, were installed to measure the horizontal relative displacements between the top and the bottom of the shear connector as shown in Fig.6 . The average value obtained from LD11-LD12 was determined as the horizontal relative displacement. The strain gauges and the displacement transducers were installed left-right symmetrically in pairs in all specimens.
During the test, another steel plate with section 25 100 mm was inserted between the steel plate of the specimen and the support for the magnetic bases and also for the support. As shown in Fig.2 , the inserted steel plate and the steel plate of the specimen easily rotated as one on the roller. Therefore, the behaviors of the shear connectors in the beam type specimens are reasonably identical to those in the real structures. The horizontal displacements due to the rotation of the steel plate were also considered in the horizontal relative displacement of the head of the shear connector. Even though the supports were modified, the specimens were stable during the tests. When the monotonic static load was applied on the specimens, the load and the data from the strain gauges and the displacement transducers were recorded until failures of the specimens were observed. 
RESULTS AND DISCUSSIONS
(1) Mode of failure All specimens failed when splitting crack occurred (split failure) in the concrete from the toe of the shear connector to the loading point. Split failure took place at the left and right sides of the specimen only in S-450-150-9-23.6. No failures occurred at the right side of the three other specimens. Before failure, three stages of cracking in the concrete were observed. Firstly, flexural crack took place at mid span and propagated almost vertically to the upper compression zone. Secondly, crack occurred in the concrete starting from the head of the shear connector to the loading point. Finally, at failure, splitting crack occurred in the concrete starting from the toe of the shear connector and rapidly propagated to the loading point at an angle of approximately 45 o with the member's horizontal axis.
Since all specimens failed on the left side, this study focused on the left side shear connectors. Fig.7 shows the conditions of the specimens at failure in S-600-200-9-38 and S-600-200-9-25.3.
Load-mid span deflection relationships of all specimens were observed. As shown in Fig.8 , it can be seen that under low load level, all specimens behaved similarly. The effect of concrete strength on load-mid span deflection relationships was found in S-600-200-9-38 and S-600-200-9-25.3, where both specimens failed with similar values of deflection but with higher load levels for the specimen with higher concrete strength. However, no effect of size of the shear connector on load-mid span deflection relationships was observed. Fig.9 gives crack patterns in all specimens at failure. The numbers shown in the figure represent load P (kN). It can be seen that crack pattern in the concrete at failure in all specimens are almost the same. Split failure occurred at different load levels, 296kN, 210kN, 182kN, and 170kN for S-600-200-9-38, S-600-200-9-25.3, S-450-150-9-23.6, and S-300-100-9-25.1 respectively. Moreover, break of the shear connector did not occur in any specimens.
(2) Load and shear force Shear force was calculated by multiplying stress σ in the steel plate in front of the shear connector by the area of the steel plate . Meanwhile, the stress was calculated by means of the stress-strain relationship of the steel plate, whose strain values were obtained from the strain gauges shown in Fig.4 . The values of shear forces were found to be the same as those of load P except that in S-600-200-9-38. Fig.10 shows the comparison between load P and shear force V. Table 4 lists the maximum shear forces obtained from the experiments and the calculations by means of the formulas in the design code for steel-concrete sandwich structures of JSCE 4) . and are the shear capacity and the shear yield strength of Lshape shear connector, respectively. Meanwhile, the spacing of the shear connector used to calculate the shear capacity of L-shape shear connector was infinite. Also, and are the shear capacity of the specimen calculated with strut angle 30 o and 45 o , respectively. Furthermore, all calculations were made with safety factors 1.0. It can be observed in Fig.11 that the maximum shear forces were smaller than the calculated shear yield strength of the shear connector with to ratios varied from 0.62 to 0.97. That was the reason why no break of the shear connector was observed during the experiments. Moreover, the calculated shear capacity of L-shape shear connector agreed with and the ratio of to varied from 1.02 to 1.11 as listed in Table 4 .
On the other hand, as shown in Fig.12 , when the strut angle was assumed to be 30 o as recommended by the code 4) , the shear capacity of the specimen was smaller than and the ratio of to varied from 1.45 to 1.65. On the contrary, when the strut angle was assumed to be 45 o which is identical to the experimental condition, the calculated shear capacity of the specimen was found to be greater than with to ratio varied from 0.72 to 0.82. These results prove the commentary in design code for steel-concrete sandwich structures of JSCE 4) stating that the shear capacity of the steelconcrete composite member calculated by the formula in the code is too conservative when the ratio of shear span to effective depth / is small or when the tension reinforcing steel plate is thick. It was observed during the experiments that the applied loads suddenly decreased when splitting crack occurred in the concrete in front of the shear connector. Moreover, it is known that splitting crack occurs in concrete when the tensile strain normal to the crack direction reaches its ultimate value. Therefore, the relationships between shear force and principal tensile strain in the concrete where splitting crack took place were observed. The principle tensile strains were calculated by means of strain values obtained from the strain gauges shown in Fig.3 . It can be observed in Fig.13 that splitting crack occurred when the principal tensile strain reached around 200µ for S-600-200-9-25.3, S-450-150-9-23.6, and S-300-100-9-25.1 and around 220µ for S-600-200-9-38. Simultaneously, maximum shear force on the shear connector was observed. This proved that the occurrence of the splitting crack in the concrete in front of the shear connector controlled the maximum shear force on the shear connector. Fig.14 shows a model of the shear connector subjected to strut compressive force after crack occurred in the concrete starting from the head of the shear connector to the loading point. When the strut compressive force was applied, the horizontal relative displacement of the head of the shear connector was , the height of the confining concrete against the shear connector was ', and the width of the compressive strut was .
It is assumed that the behavior of the concrete block in front of the shear connector is the same as the cylinder with diameter X c in the split tensile strength test as shown in Fig.14 . Splitting crack occurs along the compressive strut's axis when the tensile stress normal to the crack direction reaches the tensile strength of the concrete . Therefore, equation (1) can represent the model when splitting crack occurred in the concrete in front of the shear connector.
√1
From equation (1) the maximum shear force at split- ting crack occurrence can be expressed as followings: Table 5 gives the values of obtained from the experimental results. Additionally, it has been known that the stiffness of shear connector is highly influenced by the thickness to height ratio , ⁄ . Therefore, the relationships between and , ⁄ Therefore, the maximum shear force when splitting crack occurs in the concrete in front of the shear connector can be expressed as the following equation: 
to
. ratios varied from 0.96 to 1.05 as listed in Table 6 .
(4) Shear force-slip relationship
The average value obtained from the displacement transducers LD1-LD6 shown in Fig. 5 was determined as slip between the concrete and the steel plate in front of the shear connector. Fig.17 gives shear force-slip relationships of the shear connectors in all specimens. It can be seen that the curves of shear force-slip relationships in S-600-200-9-38, S-600-200-9-25.3, and S-450-150-9-23.6 were almost the same; therefore, no effects of concrete strength and height of shear connector on the shear force-slip relationship were observed. Moreover, it can be observed in S-600-200-9-25.3 and S-300-100-9-25.1 that after crack took place in the concrete starting from the head of the shear connector, small increments of the slip were detected until splitting crack occurred in the concrete in front of the shear connector. This indicates that when crack took place in the concrete starting from the head of the shear connector, stress in the concrete in front of the shear connector increased leading to splitting crack occurrence. Furthermore, when splitting crack occurred, the values of slip between the concrete and the steel plate were detected negatively. The experimental data showed that the occurrence of splitting crack in the concrete in front of the shear connector reversed the direction of the slip between the concrete and the steel plate in front of the shear connector. Fig.18 shows the conditions of the shear connector and the concrete when splitting crack occurred in front of the shear connector. It can be seen that when splitting crack occurred, the head of the shear connector displaced with and strain in the concrete transformed to the principal direction. It seemed that the horizontal relative displacement of the head of the shear connector made the concrete in front of the shear connector release the stress leading to splitting crack occurrence.
(5) Shear force-horizontal relative displacement relationship
Since the relationships between shear force and relative displacement could be observed only in S-600-200-9-25.3 and S-300-100-9-25.1, the discussions were accordingly conducted. As shown in Fig.19 , the relative displacements of the head of the shear connector in S-600-200-9-25.3 were detected negatively when the levels of shear force were less than 155kN. Similar behaviors were also observed in the steel-concrete sandwich beams by Makabe et al. 9) that when the load level was less than 100kN, the head of the shear connector moved forward (negative); conversely, when load level was greater than 100kN, it moved backward (positive). However, it has been observed during the experiment that at 155kN crack took place in the concrete starting from the head of the shear connector; therefore, it seemed that the occurrence of this crack induced backward movement of the head of the shear connector. Furthermore, it can be observed in relative displacements of the head of the shear connectors were very small before the occurrences of crack in the concrete starting from the head of the shear connectors. The sudden increment of the horizontal relative displacement at low level of shear force in S-300-100-9-25.1 was due to the unexpected sudden rotation of the inserted steel plate (see Fig.2 ) before it fully touched the steel plate of the specimen. On the other hand, after the occurrence of the crack in the concrete starting from the head of the shear connector, big increments of the relative displacements with small increments of shear force were observed until the occurrence of splitting crack in the concrete in front of the shear connector. Moreover, it was observed that the specimen with the larger size shear connector failed with greater value of the horizontal relative displacement than that with the smaller size shear connector. The values of the horizontal relative displacements found in the tested specimens were greater than those in steel-concrete sandwich beam by Saidi et al. 6 ), 7) . Failure of the sandwich beam before the shear connector gives large horizontal relative displacement may be the reason for this difference.
FEM ANALYSES (1) FEM analyses for experimental results verification
Finite element analyses were conducted to verify the experimental results. There were three material types for the element: plain concrete, steel and bond link or joint element. Based on elasto-plastic and fracture model 10) , a constitutive model for the concrete before cracking was constructed. Meanwhile, a constitutive model of cracked concrete consisted of tension stiffening, compression and shear transfer model 10) . A two-dimensional failure criterion 10) in tension-tension and compression-tension was applied to the analyses. Since steel plates and shear connectors were in elastic ranges until failure of the specimens, elastic plate was selected and assumed to be steel plate and shear connector in the analyses. On the other hand, bond link element was originated from a linear bond stress-slip relationship. It was applied along the contact between the steel and the concrete. Bond link element's normal stiffness in compression direction was maintained a great value, 300 times greater than the shear stiffness in order to avoid element overlap. Meanwhile, the stiffness in tension was maintained a low value for easy parting between the steel elements and the concrete elements. As shown in Fig.21 , in the analyses, the flexural crack and the crack in the concrete starting from the head of the shear connector were accordingly introduced to make it agree with the conditions of the specimens in the experiments. Fig.22 shows that the condition of the concrete elements at failure in the analyses agreed well with that in the tested specimen. Moreover, shear force-horizontal relative displacement relationships of the shear connector obtained from the FEM analyses and the experiments were compared for S-600-200-9-25.3 and S-300-100-9-25.1 in Fig.23 and Fig.24 respectively. Also, the load-mid span deflection relationship of S-600-200-9-25.3 and S-300-100-9-25.1 was also observed as given in Fig.25 and Fig.26 respectively. It can be seen that the results obtained the FEM analyses agreed well with those of the experiments in terms of modes of failure of the specimens, the maximum shear force on the shear connector, the shear force-horizontal relative displacement relationship, and the load-mid span deflection relationship. Additionally, the stiffness of shear connector in the FEM analyses was found a little smaller than that in the experiments. However, most similar behaviors of the shear connectors were observed between the FEM analyses and the experimental results. It has been known that FEM Analyses with different sizes of element mesh division may give different results. However, according to this study the concrete element in front of the shear connector was divided into small meshes, 10 mm to 20 mm as shown in Fig.22 . The analyses results showed that the opened crack in concrete element in front of the shear connector occurred at the same location and direction of the splitting crack in the test specimens, and at the same level of maximum shear force. Moreover, by means of joint element in steelconcrete element interface, steel-concrete interaction was set to zero in tension direction. It was observed that shear force-relative displacement relationships of shear connectors obtained from FEM analyses agree well with experimental results. 
(2) FEM analyses for equation (8) verification
A series of FEM analyses were conducted on the beam type specimens model with different sizes of the shear connectors and the concrete strengths in case the flexural crack and the crack in the concrete starting from the head of the shear connector already existed. These analyses were conducted to verify the maximum shear force calculated by means of equation (8) . The meshes were symbolized as F---, -. In FEM analyses the maximum shear forces V max.FEM were decided when the block of concrete element in front of the shear connector failed. It was observed that the calculations of all specimens in FEM analyses stopped when opened cracks in the concrete elements in front of shear connector reached the loading point. Meanwhile, the opened cracks took place along the compressive strut's axis identically to the splitting cracks in the tested specimens. Table 7 lists of the maximum shear forces obtained from the FEM analyses . and the maximum shear force calculated by means of equation (8) .
. It can be observed in Exp:S-300-100-9-25.1 FEM:S-300-100-9-25.1 Table 7 . These results prove the reliability of the equation (8) .
Moreover, the relationships between shear force and relative displacement of the head of the shear connectors were also observed. As shown in Fig.28 and Fig.29 , the behaviors of the shear connectors with respect to shear forces observed in the FEM analyses are similar to those observed in the experiments. Also, it can be seen that the curves of shear force-relative displacement relationships are different with sizes of shear connectors and concrete strengths especially the maximum shear force and the maximum horizontal relative displacements. First of all, the observations were made on shear force-horizontal relative displacement relationships in F-300-100-4.5-25.3, F-600-200-9-25.3, and F-900-300-13.5-25.3 whose concrete strengths and thickness to height ratio of the shear connectors are the same. The thicknesses of the steel plates are the same as the thicknesses of the shear connectors as given in Table 7 . It can be observed in Fig.30 that the maximum shear force on shear connector and the relative displacement at splitting crack occurrence seems to proportionally increase with size of shear connector. Moreover, when the shear force was normalized by the maximum shear force .
⁄
and the horizontal relative displacement by the height of the shear connector ⁄ the relationships could be represented by a unique enveloped curve as shown in Fig.31 . Meanwhile, the curve fitting analyses were conducted to determine the values of constant α and β. It can be seen that the curve fits best the data when the value of and are equal to 180 and 0.6 respectively. Therefore, the relationship between shear force and relative displacement can be represented by that between .
and ⁄ . The effect of the thickness of the shear connector , on shear force and horizontal relative displacement relationships was also observed. Fig.32 gives and relationships of the shear connectors with different thickness , but the same height and concrete strength . It can be seen that the thin shear connector has greater displacement than the thick shear connector when the same level of shear force were carried. This similar behavior was also found in plate shape shear connector by Chuah et al. 5) . Moreover, the curves of the relationships be- tween . ⁄ and ⁄ can be given by a unique enveloped curve as shown in Fig.33 .
Furthermore, the effect of concrete strength on shear force and horizontal relative displacement relationships was also observed. Fig.34 gives the relationships between shear force and horizontal relative displacement of the same size shear connectors but different concrete strengths . It can be seen that when shear forces are less than approximately 120kN no effect of concrete strength on the relationships can be observed. However, when the level of shear force became higher, the shear connector with lower concrete strength displaced more as compared to the shear connector with higher concrete strength when the same level of shear force was carried. Also the relative displacements of the shear connectors at failure were almost the same despite different levels of maximum shear forces. A unique enveloped curve was also observed for the relationships between .
and ⁄ as given in Fig.35 .
Moreover, the effect of height of shear connector on shear force and horizontal relative displacement relationships can be observed in Fig.36 . Again, as shown in Fig.37 , when shear forces were normalized by maximum shear force .
and horizontal relative displacement by the height of the shear connector ⁄ , a unique enveloped curve representing the relationships was obtained.
Therefore, it can be said that the relationships between shear force and horizontal relative displacement of L-shape shear connector in the beam type specimen from the occurrence of crack in the concrete starting from the head of the shear connector to the occurrence of splitting crack in the concrete in front of the shear connector can be represented by the normalized curve ⁄ and ⁄ relationship whose equation is expressed as followings:
Where, : maximum shear force at splitting crack (N) : horizontal relative displacement of head of shear connector (mm) : height of shear connector (mm) : constant equal to 180 : constant equal to 0.6
The relationship between ⁄ and ⁄ calculated by means of equation (9) was compared with those obtained from the experimental results, shown in Fig.38 . It can be observed that the calculated relationships by means of equation (9) agreed well with those obtained from the experimental results from the occurrence of crack in the concrete starting from the head of the shear connector to the occurrence of splitting crack in the concrete in front of the shear connector. However, the equations for the maximum shear force and the relationship between ⁄ and ⁄ are proposed only for the case that strut compressive force is greater than shear force and splitting crack occurs in the concrete in front of the shear connector. Therefore, more studied should be conducted for the case that strut compressive force is lower than shear force or in case that no splitting crack occurs in concrete in front of the shear connector.
CONCLUSIONS
The following conclusions can be derived from this study.
(1) The occurrence of splitting crack in the concrete in front of the shear connector was found to control the maximum shear force on L-shape shear connector subjected to strut compressive force. Meanwhile, the maximum shear forces of the specimens were found to be less than the calculation by means of JSCE Code when strut angle was assumed to be 45 degrees, but were greater than the calculation when the strut angle was assumed to be 30 degrees.
(2) An equation to predict the maximum shear force on L-shape shear connector at the occurrence of splitting crack is proposed as followings:
Where, 19.56 , 0.494 (3) When the relationships between shear force and horizontal relative displacement were represented by the relationships between ⁄ and ⁄ , a unique enveloped curve of the relationships was observed regardless the sizes of the shear connectors and the concrete strengths for the case after the occurrence of crack in the concrete starting from the head of the shear connector until the occurrence of splitting crack in the concrete in front of the shear connector.
(4) An equation for the enveloped curve of the relationship between shear force/maximum shear force ⁄ and horizontal relative displacement/the height of the shear connector ⁄ is proposed as followings: .
The values of the maximum horizontal relative displacements varied from 0.014 to 0.017 times the height of the shear connector. 
